To assess the impact of Modic changes (MC) on preoperative symptoms, and postoperative outcomes in anterior cervical discectomy and fusion (ACDF) patients. Methods: We performed a retrospective study of prospectively collected data of ACDF patients at a single institution. Preoperative magnetic resonance imagings were used to assess the presence of MC. MC were stratified by type and location, and compared to patients without MC. Associations with symptoms, patient-reported measures, and surgical outcomes were assessed. Results: A total of 861 patients were included, with 356 patients with MC (41.3%). MC more frequently occurred at C5-6 (15.1%), and type II was the most common type (61.2%). MC were associated with advanced age (p < 0.001), more levels fused (p < 0.001), a longer duration of symptoms, but not with specific symptoms. MC at C7-T1 resulted in higher postoperative disability (p < 0.001), but did not increase risk of adjacent segment degeneration or reoperation. Conclusion: This study is the first to systematically examine the impact of cervical MC, stratified by type and location, on outcomes in ACDF patients. Patients with MC were generally older, required larger fusions, and had longer duration of preoperative symptoms. While MC may not affect specific outcomes following ACDF, they may indicate a more debilitating preoperative state for patients.
INTRODUCTION
Modic changes (MC) are subchondral vertebral bone marrow lesions of the endplate and their etiology continues to be debated. 1, 2 MC are noted as signal intensities visible on magnetic resonance imaging (MRI), independent of other pathologies (e.g., malignancy, rheumatic disorders). 1, 3 Three types of MC (Figs. 1-3) have been identified based on T1-weighted (T1W) and T2-weighted (T2W) MRI: Type I (MC1) are characterized as hypointense on T1W but hyperintense on T2W, type II (MC2) are hyperintense on T1W and hyperintense/isointense on T2W, and type III (MC3) are hypointense on both T1W and T2W.
www.e-neurospine.org 191 sclerosis. 4 MC have been extensively studied in the lumbar spine and been associated with the development and severity of low back pain, further underscoring the vertebrogenic impact of pain generation. 5, 6 Alternatively, few studies have examined MC in the cervical spine. The prevalence of MC in the cervical spine has been shown to be around 40% in patient-based studies, with MC2 being the most frequently observed, and the C5-6 and C6-7 levels most commonly affected. 7, 8 Although MC are commonly observed in the cervical spine, 7 the clinical implications of MC are not well understood, particularly as they relate to outcomes following cervical spine surgery. Anterior cervical discectomy and fusion (ACDF) is a common procedure used to treat a variety of degenerative pathologies of the spine. 9, 10 However, adjacent segment degeneration (ASD) has been shown to occur following ACDF, 11, 12 and degenerative findings, such as MC, at the adjacent level may further increase the likelihood of ASD following fusion. 13 Moreover, while some studies have found no association between MC and postoperative neck or arm pain, 14 others have found that the presence of MC may correlate with an increased likelihood of having these symptoms following ACDF. 13, 15 Therefore, further clarification of the impact of MC on clinical and surgical outcomes is warranted in order to establish more realistic expectations following cervical spine surgery, particularly as patients with evidence of MC may be more likely to undergo 192 www.e-neurospine.org surgery than those that do not have MC. 16 Overall, little is known with respect to cervical MC and its various types, their topographical variations, and associations with pre-and postoperative symptoms/outcomes in patients undergoing an ACDF. As such, our study aimed to primarily address the preoperative presence and distribution of MC and their types in a patient cohort that underwent ACDF. Secondarily, this study aimed to determine the role of MC as it relates to patients' pre-and postoperative pain and disability profiles.
MATERIALS AND METHODS
Following approval by the Rush University Medical Center Institution Review Board (ORA#18080303), we conducted a retrospective study of prospectively collected data of consecutive patients indicated for an ACDF procedure at a single institution from 2008-2015. Further, due to the retrospective nature of the study, a waiver of informed consent was applied for and obtained. All procedures were performed by 4 spine fellowshiptrained surgeons using a consistent technique. Fusion constructs ranged from 1 to 4 levels, and were supplemented with either allograft or a combination of allograft/autograft. Instrumentation consisting of anterior cervical plating was utilized. Indications for surgery included symptomatic degenerative pathology refractory to conservative management. Subjects were included if they had preoperative T1W and T2W sagittal MRIs of the cervical spine that could be assessed for the presence of MC and their types. The MRIs had a field strength of 3 Tesla with a slice thickness of 5 mm between sequential cuts. Subjects were excluded if they were under 18 years of age, or were undergoing surgery to address trauma, malignancy, and/or infection.
Demographic data collected included age (years), sex, height (m), weight (kg), whether or not the patient was a current smoker, and medical comorbidities as assessed by the validated American Society of Anesthesiologists physical status (ASA) classification grade. The ASA classification grade is a validated classification system that categorizes patients based on the severity of their comorbid conditions: ASA I refers to a normal healthy adult, ASA II refers to a patient with mild systemic disease that does not cause functional limitations, ASA III refers to a patient with a severe systemic disease that causes functional limitations, and ASA IV refers to severe systemic disease that is a constant threat to life. 17 Body mass index was calculated based on kg/m 2 . Operative data included number of operative vertebral levels, duration of preoperative symptoms (months) and follow-up time (months).
Preoperative T1W and T2W MRIs were assessed for the presence of MC by sequential scanning of the cervical column, including levels C2-T1. MC were further stratified into MC1, MC2, or MC3 according to the aforementioned criteria.
1 MC were also stratified based on their level in the cervical spine, and their location relative to the fusion segment. All MRIs were independently assessed by 3 observers, and intra-and interobserver reliability was good to excellent (intraclass correlation coefficient > 0.80).
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Preoperative symptomatology was documented, including neck pain, arm pain, sensory deficits, weakness, radiculopathy, myelopathy, and myeloradiculopathy. Patient-reported outcomes (PROs) were collected both preoperatively and at final followup. The PROs included the following validated outcome tools: visual analogue scale (VAS)-Neck, 19 VAS-Arm, 19 Neck Disability Index (NDI), 20 Short Form 12-Item 21 and the Veterans' Rand 12-Item. 22 Postoperative surgical outcomes collected included reoperations, pseudarthrosis, and ASD at the proximal and distal levels. ASD was diagnosed on follow-up lateral plain radiographs of the cervical spine based on the following: presence of new or enlarged adjacent level osteophytes, anterior longitudinal ligament calcification, spondylolisthesis with displacement ≥ 2 mm, disc space narrowing greater than 30% from preoperative height, and/or endplate sclerosis. 23 Statistical analysis was performed using Stata ver. 13.1 (StataCorp LC, College Station, TX, USA). Analysis of baseline characteristics included tabulation of counts, with calculation of means and standard deviations (denoted by ± ). Demographic and operative data comparisons were made between the patients with MC (either any MC, MC1, MC2, or MC3) and patients without MC using Student t-test and chi-square test. Multivariate linear and logistic regression was used to assess standardized beta coefficients and odds ratios for the aforementioned MC groups with preoperative symptoms, PROs, and surgical outcomes. Selection of multivariate linear and logistic regression model variables included all collected baseline demographic and operative characteristics along with MC strata. For each dependent variable (i.e., symptoms, PROs, and surgical outcomes), we generated 28 multivariate models using each MC strata. Due to the large number of statistical models for each dependent variable, we anticipated that the likelihood of having false-positive results was high in our analysis. Therefore, we elected to perform post hoc corrections for multiple comparisons in order to limit our likelihood of making a type I statistical error. We chose the Šidák method, which is a statistical post hoc test that adjusts the p-value cutoff for significance based off www.e-neurospine.org 193 of the number of statistical models generated per dependent variable. It is also less conservative than other multiple comparison techniques, thus minimizing the chances of overcorrection. 24 The formula for the correction was p* = 1-(1-0.05) (1/x) , where p* is the adjusted p-value and "x" is the number of regression models for each dependent variable. Given that we generated 28 regression models, we calculated an adjusted p-value cutoff of 0.0018. Rounding to 3 decimal places, we set statistical significance to p < 0.002 for multivariate analysis. For all other analysis (i.e., demographic and operative analysis), post hoc corrections were not necessary, and we set statistical significance at the usual value of p < 0.05. Finally, we performed a multivariate logistic regression (with the aforementioned covariates) comparing patients with MC inside versus outside the fusion segment using non-MC as a reference in order to assess the impact of include vs. excluding MC in the fusion segment. Statistical significance for this analysis was also defined as p < 0.05.
RESULTS
A total of 861 patients were included in this study, with 356 patients (41.3%) noted to have MC on MRI. Stratified by type, 70 (8.1%) showed MC1, 218 (25.3%) showed MC2, and 68 (7.9%) showed MC3. A summary of the continuous demographic and operative variables of each cohort is summarized in Table 1 , and a summary of the categorical demographic variables of each cohort is summarized in Table 2 . The mean age of patients without and with MC was 51.4 ± 11.6 years and 55.6 ± 10.5 years, respectively (p < 0.001). The mean ages for MC1, MC2, and MC3 were 54.8 ± 11.0, 56.3 ± 9.7, and 54.4 ± 12.5 years, respectively. Additionally, there was a significantly greater percentage of males in the MC2 group compared to the non-MC group (p = 0.044). There were no other significant differences in demographics observed between MC, regardless of type, and the non-MC group. Overall MC had a significantly longer preoperative duration of symptoms (months) (26.3 vs. 19 .9, p = 0.025) and associated with more levels fused (2.0 vs. 1.8, p < 0.001) than the non-MC group. The mean follow-up time (months) for the MC and non-MC group was comparable (26.4 vs. 27.9) . When stratified by type, MC2 (2.0, p = 0.002) and MC3 (2.1. p = 0.013) were associated with significantly more levels fused, while only MC2 was associated with a significantly longer duration of symp- 194 www.e-neurospine.org toms (27.5, p = 0.021) relative to the non-MC group. The distribution of MC by vertebral level and their prevalence in the entire patient cohort are summarized in Fig. 4 . The distribution of MC by both type and location, as well as the percentage of each in relation to only MC patients, is summarized in Fig. 5 . Distribution by location in relation to the planned fusion segment is summarized in Table 3 . A total of 376 MC were observed, with the highest prevalence of MC occurring at C5-6 (15.1%), followed by C6-7 (13.0%). Overall MC were least likely to occur at C7-T1 (1.2%) and C2-3 (1.3%). Out of all MC, MC2 were the most common type, followed by MC1 and then MC3. Both MC1 and MC3 were most likely to occur at C5-6, followed by C4-5, while MC2 were most likely to occur at C6-7, followed by C5-6. Additionally, of the 356 patients with MC, 219 patients (61.5%) had MC within the planned fusion segment, while 137 (38.5%) had MC outside the planned fusion segment. There were 126 patients (35.4%) with MC above the planned fusion segment, and 11 patients with MC (3.1%) below the segment.
The association between the presence of specific preoperative symptoms and preoperative MC was assessed in order to determine whether MC influenced patient presentation or resulted in unique preoperative symptom profiles. The results are summarized in Table 4 . Following post hoc analysis, no significant correlations between MC, regardless of type and location in the cervical column, and non-MC patients with respect to individual preoperative symptoms were noted. In addition, patients with MC inside the fusion segment compared to outside the fusion segment did not significantly differ in terms of specific preoperative symptoms.
Preoperative and postoperative PROs data comparing patients with MC and those without are summarized in Table 5 . Simply having MC, regardless of stratification by type, did not ultimately yield any differences in pre-and postoperative PROs. Analysis by cervical level demonstrated that overall MC at C7-T1 significantly predicted higher postoperative NDI (beta= 52.17, www.e-neurospine.org 199 95% confidence interval, 26.28-78.05; p < 0.001). Presence of MC versus non-MC, regardless of the type, did not significantly alter preoperative or postoperative PROs when MC was included in the fusion segment. Similarly, MC versus non-MC, regardless of type, outside the fusion segment or at the adjacent levels also did not significantly alter PROs. When comparing patients with MC inside the fusion segment and those with MC outside the fusion segment, no significant differences in PROs were appreciated. Analysis of surgical outcomes was performed using multivariate logistic regression, and the results are summarized in Table 6 . Overall, MC did not significantly correlate with postoperative ASD or reoperations within the follow-up period included in this study. Stratification by type and location, even when at the adjacent level, also did not yield any significant correlations when comparing patients with MC to those without. Comparison of surgical outcomes in patients with MC inside the fusion segment versus outside the fusion segment is summarized in Table 7 . When comparing patients with MC inside versus patients with MC outside the fusion segment, no differences in postoperative outcomes of ASD, pseudarthrosis, or reoperation were noted.
DISCUSSION
To our knowledge, this is the first study to address systematic mapping of MC in the cervical spine, their association with preoperative symptoms, pain, and disability as well as postoperative outcomes in ACDF patients. In addition, our study also compared MC patients to non-MC patients in order to assess whether the presence of MC had any impact on preoperative symptomatology, PROs, and postoperative surgical outcomes. In our analysis, we found that the presence of MC was associated with advanced age and more fused levels during surgery.
The most common type observed was MC2, followed by MC1 and then MC3. Only MC2 was associated with male sex. The most common levels affected were C5-6, followed by C6-7. While we did not find any associations between MC and specific preoperative symptoms, we did find that MC was associated with a significantly longer duration of symptoms. We also found a significantly higher level of postoperative patient-reported disability associated with MC at C7-T1. However, MC, regardless of type or location, did not increase postoperative rates of reoperation or ASD within our follow-up period of 2 years. Patients with MC inside versus those outside the fusion segment also did not differ in terms of preoperative symptoms or postoperative outcomes. These results suggest that while MC may not be associated with specific symptom profiles or surgical complications of ACDF, such as ASD or revision surgery, MC may indicate a generally chronic and more debilitating state for the patient. Such information provides vital clinical reference for the surgeon in managing patient expectations, predicting outcomes and personalizing management protocols even further.
Patients with MC were found to be significantly older than patients who did not have MC. A similar relationship was observed across all 3 types of MC. Previous studies in both the lumbar and cervical spine have also found an association between MC and advanced age. 8, 25 A 10-year prospective study by
Matsumoto et al. 26 found that the development of new MC was associated with increasing age, as well as the development of degenerative changes in the cervical spine. This suggests that the development of MC may be linked to structural damage to the spine that accumulates over time. In addition, we observed that patients with both overall MC and MC2 had significantly longer durations of symptoms compared to patients without MC. Qiao et al. 27 analyzed MC in the context of cervical spondylosis myelopathy, and found that MC tend to occur in pa-200 www.e-neurospine.org tients with symptoms longer than 18 months. This could suggest that MC, particularly MC2, are the result of long-standing pathology and accumulation of degenerative changes. We also observed a statistically greater percentage of males in the MC2 group relative to the non-MC group. Male sex has previously been found to be a risk factor for MC. 25 However, other studies have found that sex and lifestyle factors (i.e., physical loading) may not play as large a role to the status and dynamics of the intervertebral disk. 28 In terms of distribution, overall MC, specifically MC2, were most prevalent at C5-6. Both MC1 and MC3 were most commonly observed at C5-6, while MC2 was mostly seen at C6-7. These results are consistent with previous studies that have also found MC2 to be the most common type in the cervical spine, and C5-6/C6-7 to be the levels most commonly affected. 7, 8 MC, particularly MC1 and MC2, have been shown to be interconnected, with a subset of MC2 progressing to MC3. 29 A prospective study by Mann et al. 30 of cervical spine patients with neck pain with MC found that 12/19 motion segments (63%) eventually converted from MC1 to MC2, but non-MC2 to MC1 conversion occurred. This transient nature observed in MC1, along with relative stability observed in MC2, could explain the higher prevalence of MC2 observed in our study. Conversely, the conversion of MC2 to MC3 may be rarer than the interconversion of MC1 and MC2. This could potentially explain the relative sparsity of MC3 observed in the cervical spine. However, the issue of MC interconversion was not in the scope of this study, and warrant future investigation to further delineate the origins and nature of cervical MC. In terms of location, lower cervical levels, particularly C5-6, have the most mobility, as well as the greatest load bearing in the cervical column. 31 Forces transmitted down the column to the lower levels could induce greater mechanical stress and instability to these levels, thus resulting in the development of MC. In addition, given the dynamic nature of MC, there is the possibility that fusion may alter properties of MC in the cervical spine. If this were the case, assessment of MC after surgery could provide valuable information regarding cervical spine adaption to the fusion construct, and may indicate whether degenerative findings, such as MC, are improved or worsening after surgery. In the present study, we did not assess long-term postoperative MRIs following fusion, and the question of how MC change after fusion could be another interesting topic for future studies. In our analysis, no significant associations between MC and specific preoperative symptoms were noted. Interestingly, we did not observe a relationship between MC and neck pain. In the lumbar spine, MC has been linked to symptoms of low back pain. 32 Other studies have found that MC in the cervical spine may also relate to neck pain, although the results are mixed. 26, 33, 34 The lack of association with MC and preoperative neck pain observed in our study may reflect that both the non-MC and MC groups were being treated for debilitating spinal conditions, and thus they may have had similar levels of neck pain. The pathological reasons that underlie MC are still unclear, and future work is necessary to determine the mechanisms for their development, as well as their association with pain.
In terms of PROs, we did not observe differences in outcomes when looking at overall presence of MC, but did observe differences when analyzing by location. The presence of MC at C7-T1 was significantly related to higher levels of patient-reported postoperative disability, as measured by the NDI. While this finding may indicate a marginal clinical relationship between MC and outcomes after ACDF, a general lack of similar findings at more cephalad segments suggests this result may be due to an element of confounding. For example, the prevalence of MC at C7-T1 in our entire cohort was only 1.2%. Potentially, the observed increase in postoperative NDI in the MC cohort could be explained by a small sample size bias, especially given that the 95% confidence interval was large. Alternatively, in the present study, MC at C7-T1 were relatively rare, and patients with such phenotypes may have had diffuse degenerative pathology across multiple cervical segments. As such, it is unclear whether MC at C7-T1 is a true biomarker for worse postoperative symptomatology, or rather a proxy for patients with worse baseline cervical spine disease. Conversely, this finding could suggest that the present study was underpowered to determine the true postoperative effect size of MC at other cervical segments. In a previous study, Zehra et al. 35 noted that the relationship between lumbar spine endplate defects (such as MC) and patient-reported pain and disability is highly correlated. However, what effect preoperative MC may have on subjective postoperative outcomes remains a topic of debate. In a systematic review on the course of MC after posterior lumbar fusion, Portella and Acioly 36 noted that it is difficult to prove what effect surgical treatment may have on MC in the lumbar spine. Specifically, as most patients generally experience an improvement in symptoms after fusion, it is unclear whether MC are being addressed in a clinically meaningful way through surgery. Irrespective, MC may often regress and/or progress following lumbar fusion, suggesting that such findings are dynamic phenomena and are likely sensitive to the biomechanical changes introduced through an operative procedure. 36 Future study is war-ranted to determine how and why the vertebral endplate responds to such interventions, and to determine if such changes are clinically significant. Given the close relationship between MC and degenerative changes, we hypothesized that MC, particularly at the adjacent level to the fusion segment, could have an effect on the development of ASD and rates of reoperation following ACDF. However, our multivariate analysis of surgical outcomes yielded no significant associations with MC, even when the MC was at the adjacent level. Few studies have assessed the role of cervical MC on the development of ASD. Li et al. 13 examined the effect of MC2 on outcomes following ACDF, and concluded that there may be an association between MC2 and development of ASD. In cases where degenerative findings such as MC are at adjacent levels, one consideration in preoperative planning of a fusion is whether to extend the fusion segment to include those levels in the construct. A study by Hilibrand et al. 37 examined the incidence of new onset adjacent segment disease in patients who underwent single-level versus multilevel cervical arthrodesis, and found that single-level fusion and pre-existing degenerative findings at the adjacent level were major risk factors for developing new onset adjacent level disease. The authors recommended that in patients with pre-existing symptomatic degenerative findings at the adjacent level, the cervical fusion construct should be extended to include these levels. However, other studies have found that multilevel fusions are associated with more perioperative complications and higher rates of reoperation compared to single-level ACDF. 38 Therefore, determining whether adjacent level pathology requires stabilization is critical to promote a good clinical outcome. Recent work looking at adjacent level spondylolisthesis, another degenerative finding potentially linked to ASD, has demonstrated no differences in PROs or the development of ASD compared to patients without the pathology. 39, 40 Our results similarly suggest that when generating a preoperative plan for ACDF, the planned segment may not necessarily need to be extended to include degenerative findings at adjacent level if it is not related to the index pathology. This study has several limitations. First, we chose to perform post hoc corrections for multiple comparisons in order to limit the likelihood of making a type I statistical error. We chose to do this given that we ran a large number of statistical models for each outcome measure. Due to this correction, several potentially significant results were excluded in our analysis. These results should cautiously be interpreted, as we were particularly conservative in our analysis. In addition, our study only includes data from a single institution. Thus, our patient population may not be representative of a wider demographic, and interpretation of these results should be cautiously applied to a broader context. In addition, the non-MC and MC cohorts differed in several baseline characteristics, such as age. Differences in these baseline characteristics may introduce confounding into our univariate analysis. We recognized this and attempted to address the potential for confounding by including all baseline characteristics as covariates when creating our multivariate models. Outcome data for our study population was also limited, which may have limited the power of our analysis. Nonetheless, the outcome parameters assessed in our study were extensive, consisting of multiple PROs, and the imaging data analyses were performed in a systematic, prospective manner to minimize bias in measurement with enhanced reliability. Future studies could aim to assess the differences in patient-reported and clinical outcomes between MC types in larger cohorts, with further replication in other ethnic populations. Finally, our study did not assess the interaction between MC and other degenerative pathologies, such as endplate abnormalities or spondylolisthesis. Future studies could also focus on examining the relationship between MC and other degenerative phenotypes, and whether the combination of multiple phenotypes could impact clinical outcomes following cervical fusion.
CONCLUSION
To our knowledge, this is the first study to systematically and comprehensively analyze the impact of MC on preoperative and postoperative outcomes in ACDF patients. The most common type of MC observed was MC2, and the most common level involved was C5-6. MC, including MC1, MC2, and MC3, were associated with advanced age. Only MC2 was significantly higher in males. Overall MC, MC2, and MC3 were associated with more levels fused. Overall MC, as well as MC2, were associated with longer duration of symptoms. However, regardless of stratification by type and location, MC was not associated with specific preoperative symptoms profiles or postoperative incidence of ASD or reoperations within the follow-up period of approximately 2 years. Patients with MC at C7-T1 reported greater levels of disability following surgery. However, the prevalence in the entire cohort of MC at C7-T1 was low (1.2%), and this finding may be explained by a small sample size bias. The presence of MC, even though they are associated with degenerative changes, does not seem to alter specific preoperative symptoms or surgical outcomes following ACDF. Moreover, the surgical outcomes did not differ when MC was inside or outside 202 www.e-neurospine.org the fusion segment. However, given that MC was associated with advanced age, a longer duration of symptoms, and more levels fused, the presence of MC may indicate a more debilitating and degenerative preoperative state for patients with MC relative to those without MC who suffer from degenerative pathology in the cervical spine. Findings from our study are important to help manage patient expectations, shed light upon predictive modeling of ACDF patients, and improve management algorithms. Future studies are needed to further assess the more detailed nature of MC involvement and extent at the subchondral vertebral region with other MRI phenotypes and outcomes.
